The budding yeast Saccharomyces cerevisiae is an emerging tool for investigating the molecular pathways that underpin several human neurodegenerative disorders associated with protein misfolding. Amyotrophic lateral sclerosis (ALS) is a devastating adult onset neurodegenerative disease primarily affecting motor neurons. The protein TDP-43 has recently been demonstrated to play an important role in the disease, however, the mechanisms by which TDP-43 contributes to pathogenesis are unclear. To explore the mechanistic details that result in aberrant accumulation of TDP-43 and to discover potential strategies for therapeutic intervention, we employed a yeast TDP-43 proteinopathy model system. These studies allowed us to determine the regions of TDP-43 required for aggregation and toxicity and to define the effects of ALS-linked mutant forms of TDP-43. We have also been able to harness the power of yeast genetics to identify potent modifiers of TDP-43 toxicity using high-throughput yeast genetic screens. Here, we describe the methods and approaches that we have used in order to gain insight into TDP-43 biology and its role in disease. These approaches are readily adaptable to other neurodegenerative disease proteins.
1. Introduction
Protein aggregation linked to neurodegenerative disease
As our population continues to age, neurodegenerative diseases will pose an increasing challenge to public health. Identifying and characterizing the specific disease proteins associated with these disorders will provide insight into disease pathogenesis and will aid the development of biomarkers and therapeutic strategies. Several devastating human neurodegenerative diseases are associated with the accumulation of protein aggregates in the brains of affected individuals. These include Alzheimer's disease (amyloidbeta and tau [1, 2] ), Parkinson's disease (a-synuclein [3] ), prion diseases (PrP [4] ), polyglutamine diseases (expanded polyglutamine [5] ); and most recently ALS and frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U) (TDP-43 [6] ). Now that we know the identities of the aggregated disease proteins, the next step will be to understand at a mechanistic level how these proteins contribute to disease pathogenesis.
Yeast models of neurodegenerative disease
All cells have to deal with misfolded proteins, from simple yeast cells all the way to complex human neurons. Thus, it is likely that the mechanisms to cope with misfolded proteins as well as the cellular consequences of protein aggregation are conserved from yeast to man. Historically, yeast has been used to study many fundamental eukaryotic cellular pathways, including the cell cycle [7, 8] and the secretory pathway [9] [10] [11] , but also provides a tractable system to study pathways involved in dealing with misfolded and aggregated proteins [12] , including those linked to human disease. Many yeast genes have human homologs and the core cellular pathways are well conserved, meaning that genetic interactions found in yeast are likely to be relevant to human disease [13] . The yeast genome is well characterized and easily manipulable (for example, deleting individual genes to probe their function). Thus, using a very simple but powerful genetic system we can define the pathways and genes that are affected by the excess accumulation of a neurodegenerative disease protein and develop innovative approaches to battle neurodegenerative disorders [12] .
In the past few years, a number of yeast models of neurodegenerative diseases have been generated by overexpressing the wild type or mutant form of a human disease protein [14] [15] [16] . A yeast model of the Parkinson's disease protein a-synuclein has led to discoveries about its pathological properties [14] . The yeast a-synuclein model has also provided insight into conserved vesicle trafficking pathways affected by a-synuclein accumulation [17, 18] as well as to suggest novel connections between genetic and environmental contributors to Parkinson's disease [19] . Importantly, results from the yeast studies have been validated in animal and cellular models [17] [18] [19] [20] [21] . Notably, the relevance of an overexpression model of even the wild type form of the protein is highlighted by (1) the observation that wild type protein accumulates in most cases of disease and the mutant forms are much rarer and (2) the discovery of duplication and triplications of the a-synuclein gene in rare familial forms of Parkinson's disease [22] [23] [24] .
Yeast models have also been created to model polyglutamine (polyQ) disorders (e.g. Huntington's disease), including expression of a fragment of the huntingtin protein with and without polyQ expansions [15, 25] . These studies have recapitulated the polyQlength dependent aggregation and toxicity as well as to begin to uncover key early pathways affected by polyQ aggregation [26] . Because TDP-43 has emerged as a key player in ALS and FTLD-U (see later), we have recently generated a new yeast model to study TDP-43 [16, 27] and describe various experimental approaches used to study critical features of TDP-43 aggregation and toxicity as well as techniques used to identify modifier genes.
TDP-43 is the major disease protein in ALS and FTLD-U
In 2006, Lee and colleagues discovered that the TAR DNA binding protein (TDP-43) was the abnormally accumulated protein in amyotrophic lateral sclerosis (ALS), which is also known as Lou Gehrig's disease, and frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U) [6] . Subsequent work by a number of groups identified mutations in the TDP-43 gene (TARDBP) in some familial and sporadic cases [28] [29] [30] [31] [32] . Thus, human genetics and pathology have both converged on TDP-43 as playing a critical role in disease pathogenesis [33] . However, very little is known about the cellular pathways affected by TDP-43 in disease. Understanding these critical pathways will be essential for developing effective therapeutic interventions. TDP-43 is a nuclear RNA binding protein that shuttles between the nucleus and the cytoplasm [34, 35] . In affected neurons, TDP-43 accumulates in the cytoplasm and is depleted from the nucleus, suggesting that a change in subcellular localization might be important for disease pathogenesis. Despite major efforts to understand the biology of TDP-43 we currently do not know how loss of the normal functions of TDP-43 or perhaps a gain of toxic function might contribute to disease. To address these deficits, we have been exploring TDP-43 aggregation and toxicity using the yeast model system.
Yeast TDP-43 proteinopathy model
We first sought to determine if we could recapitulate key aspects of TDP-43 biology in yeast cells, including cytoplasmic aggregation and toxicity. To regulate the expression of TDP-43 we placed a single copy of the human gene into a yeast strain under the control of a tightly regulated galactose-inducible promoter. That allowed us to maintain the cells in glucose, to repress TDP-43 expression, and then to rapidly and synchronously induce expression in all cells of the culture. To allow in vivo visualization of the protein in real time, and therefore monitor its propensity to form aggregates, we generated constructs that contain TDP-43 fused to the green fluorescent protein (GFP). To generate these constructs, a TDP-43 Gateway Ò entry clone was obtained from Invitrogen that contained the full-length human TDP-43 cDNA in the pDONR221 vector. We used this TDP-43 entry clone in Gateway LR reactions to shuttle TDP-43 into Gateway-compatible yeast expression vectors (http://www.addgene.org/yeast_gateway; [36] ). To tag TDP-43 with GFP we created new entry clones lacking stop codons (TDP-43 nostop ) and used these in LR reactions with pAG426Gal-ccdB-GFP to generate the 2-micron (2l) TDP-43-GFP fusion constructs. To generate the integrating TDP-43-GFP construct the TDP-43 nostop entry clone was used in an LR reaction with pAG306Gal-ccdB-GFP. 2l plasmid constructs (e.g. pAG426Gal-TDP-43-GFP) were subsequently transformed into BY4741 yeast strains (MATa his3 leu2 met15 ura3) and the integrating TDP-43-GFP constructs were transformed into the W303 strain (MATa can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 ade2-1). For yeast transformation we used the PEG/Lithium acetate method according to standard protocols [37] .
Having generated a panel of TDP-43 yeast expression constructs, we next investigated the effect of TDP-43 expression in living cells. To assess TDP-43 toxicity, we performed spotting assays. For spotting assays, 3 ml of yeast culture were grown overnight at 30°C in liquid media containing raffinose (SRaf/-Ura) until they reached log or mid-log phase. Growth in raffinose does not activate the galactose-inducible promoter but also does not repress it, thus priming the yeast cells for rapid induction upon addition of galactose. Cultures were subsequently normalized for cell number, serially diluted and spotted onto synthetic solid media containing either glucose or galactose lacking uracil and were grown at 30°C for 2-3 days. Expression of TDP-43-GFP from a 2-l plasmid led to inhibition of cell growth compared to cells transformed with a plasmid containing GFP alone (Fig. 1A) . Thus, TDP-43 expression in yeast resulted in cellular toxicity.
We next considered if TDP-43 would form cytoplasmic aggregates in yeast, similar to those observed in human disease and performed experiments to visualize TDP-43-GFP localization. For fluorescence microscopy experiments, we began with a yeast strain harboring an integrated TDP-43-GFP construct. Single colony isolates of the yeast strains were grown to mid-log phase in SRaf/-Ura media at 30°C. Cultures were spun down and resuspended in SGal/-Ura to induce expression of the TDP-43 constructs. Cultures were induced with galactose for 4-6 h, fixed using ethanol and counter-stained with DAPI, to visualize nuclei. At early time points (3-4 h) after induction, GFP alone was diffusely distributed between the cytoplasm and the nucleus, whereas the TDP-43-GFP fusion protein localized mainly to the nucleus with many cells containing 2-3 intranuclear foci of TDP-43 [16] . We wondered whether increased expression of TDP-43 would alter its localization. To increase TDP-43 expression levels, we expressed TDP-43-GFP from a 2-l high copy plasmid. This resulted in altered localization with the majority of cells now containing multiple cytoplasmic foci (Fig. 1B) . In yeast cells TDP-43 is initially localized to the nucleus but eventually forms multiple cytoplasmic accumulations. In summary, expressing TDP-43 in yeast cells allowed us to model two key aspects directly related to human disease: cellular toxicity and cytoplasmic aggregation. Thus, having established a yeast TDP-43 model, we are now able to define the molecular players that regulate TDP-43 aggregation and toxicity and therefore gain insight into the pathobiology of TDP-43 in human neurons.
Dissecting the structural features of TDP-43 that confer aggregation and toxicity
Determining which region(s) of TDP-43 drive aggregation and toxicity will be important for designing therapeutic interventions aimed at mitigating these events in human disease. Because fulllength TDP-43 aggregates and is toxic in yeast we used this system to define the regions of the protein that confer cytoplasmic aggregation and cellular toxicity. We constructed a panel of TDP-43 truncations and asked which regions of the protein are necessary and sufficient for aggregation and toxicity. To generate C-terminally GFP-tagged TDP-43 constructs, a two-step PCR protocol was used to amplify truncations without a stop codon and incorporate the Gateway attB1 and attB2 sites along with a Kozak consensus sequence. Resulting PCR products were shuttled into pDONR221 using a Gateway BP reaction. The entry clones were then used in LR reactions with pAG426Gal-ccdB-GFP to generate the 2l TDP-43-GFP truncation constructs. To investigate the domains of TDP-43 required for toxicity and aggregation in yeast, the truncations were individually transformed into the BY4741 strain using the PEG/lithium acetate method and analyzed for toxicity and aggregation using spotting assays and microscopy. These studies revealed that the C-terminal domain of TDP-43 was required for aggregation and toxicity [16] . Notably, the majority of disease mutations in TDP-43 are located within the C-terminal region, the domain found in yeast to be required for toxicity. Interestingly, this region was not sufficient for toxicity but required an intact RNA recognition motif (RRM), suggesting that RNA binding is very likely a component of TDP-43 toxicity. Subsequent studies, using point mutations to disable TDP-43 RNA binding, provided further confirmation for a role of RNA binding in mediating TDP-43 toxicity [38] .
The effect of ALS-linked mutations on TDP-43 aggregation and toxicity
Following the discovery of TDP-43 cytoplasmic accumulations as a hallmark pathological feature of ALS and FTLD-U, several missense mutations in the TDP-43 gene were discovered in ALS and FTLD-U patients [32] . However, the mechanism(s) by which these mutations caused disease (for example, gain-or loss-of-function) was unclear. Therefore, we used the yeast model to investigate the effect of these disease-linked mutations on TDP-43. We first considered that the mutations might increase TDP-43 aggregation and/or toxicity. Because the 2l TDP-43-GFP expression construct produced high levels of expression and resulted in robust aggregation and toxicity, we utilized a new expression system to express TDP-43 at lower levels, enabling us to observe subtle differences between WT and mutant TDP-43. Instead of the 2l plasmids, we now shuttled TDP-43 into the low copy CEN vectors to generate pAG416GAL-TDP-43-YFP. At this level of expression, WT TDP-43 was only slightly toxic. It is worth noting that the expression of a given protein based in a multi-copy vector (e.g. 2l) is not always higher than in other expression systems, because yeast cells tend to reduce the expression levels of toxic proteins by reducing the number of copies of the plasmid [14] . Nevertheless, using the CEN-based vector system, we were able to distinguish between the effects of WT and ALS-linked TDP-43 mutants. ALS-linked TDP-43 mutant constructs were generated using the QuikChange Ò site-directed mutagenesis system (Stratagene) with pAG416GAL-TDP-43-YFP as template. The resulting CEN plasmid constructs were transformed into the BY4741 yeast strain and then analyzed for toxicity and aggregation. To assess differences in aggregation between WT and mutant forms of TDP-43, yeast cultures were grown, induced, and processed as described above. After 6 h of induction, several fields of cells were chosen randomly to prevent any bias toward populations of cells with increased amounts of aggregation in addition to obtaining the total number of cells in any given field. At least 200 cells per sample were counted for each replicate. Only cells with >4 foci under the YFP channel were considered as cells with aggregating TDP-43. We used immunoblotting to confirm that WT and mutant TDP-43 proteins were expressed at the same level (see Fig. 2B in [27] ). These studies revealed that disease-linked mutations in TDP-43 (especially Q331K) show enhanced aggregation and toxicity in yeast cells (Fig. 2) , suggesting that these mutations could cause disease by accelerating TDP-43 aggregation and promoting degeneration. The effects of ALS-linked mutations on TDP-43 aggregation is strikingly similar to those of Parkinson's disease linked mutations in a-synuclein and Alzheimer's disease linked mutations in APP [39] [40] [41] . Importantly, our key results with TDP-43 using this yeast model have been complemented through the use of a number of different cellular and biochemical in vivo and in vitro approaches [42] , emphasizing the utility and relevance of modeling key aspects of disease pathogenesis in yeast.
Yeast genetic screens to define modifiers of TDP-43 toxicity
Having established the yeast TDP-43 model and using it to determine the structural features of TDP-43 required for aggregation and toxicity [16] , as well as to explore the role of ALS-linked TDP-43 mutations [27] , the next step for the yeast model is to deploy it in large scale genetic screens to identify toxicity modifiers. We still know very little about the mechanisms by which TDP-43 is toxic or those upstream factors that regulate its conversion to a toxic conformation. Unbiased genetic approaches will likely illuminate these critical aspects of TDP-43 pathogenesis. Similar approaches using yeast models and genetic screens have been used to successfully gain insight into mechanisms of Parkinson's disease and Huntington's disease [17, 19, 20, 43, 44] . Below, we describe two complementary genetic screening approaches that we have recently used with the TDP-43 yeast model to discover genes and pathways that can mitigate toxicity and that might be suitable targets for therapies. The specific genes and pathways that have emerged from these screens, and experiments to validate them in other model systems, will be described elsewhere. However, the approach and methods used to discover these modifier genes will hopefully be useful to others interested in performing similar screens with yeast human disease models.
Plasmid overexpression screen
We have recently performed a yeast plasmid overexpression screen using the TDP-43 proteinopathy model to identify modifiers of TDP-43 toxicity. Since very little is known about why TDP-43 aggregation is toxic in yeast and other cells, we took an unbiased genetic approach. We reasoned that if we could find genes that suppress or enhance toxicity, these would very likely illuminate the key pathways affected by TDP-43 as well as the molecular pathways that control its conversion to a pathological conformation.
To perform this screen, we generated a yeast strain harboring an integrated galactose-inducible TDP-43 construct (pAG303Gal-TDP-43). Because we wanted to identify both suppressors and enhancers of toxicity using the same screen, we sought a TDP-43 expressing yeast strain with a moderate level of toxicity, such that genes that improved or worsened growth would be readily identifiable (if TDP-43 was too toxic we would not find enhancers but if it was not toxic enough we would not find suppressors). Therefore, we analyzed several independent integrants by immunoblot and spotting assays in order to identify the best screening strain, with a moderate level of TDP-43 expression, and a corresponding moderate level of toxicity (Fig. 3) . The final strain chosen for the yeast screen was in the W303 strain background (MATa can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 ade2-1 pAG303Gal-TDP-43].
There are several yeast plasmid libraries available, however, we chose to use the Yeast FLEXGene ORF library. This library is indeed the ''gold standard'' in yeast genomic libraries. It is an arrayed library of >5500 completely sequence-verified yeast genes in Gateway Ò cloning system-based expression vectors [45] . Unlike existing libraries that contain fragments of genes and/or often mutations that complicate interpretation of results, this library contains only fulllength genes and is free of mutations. Each yeast ORF in this library has been shuttled into the pBY011 Gateway Ò yeast expression plasmid (CEN, URA3, galactose-inducible promoter). The library clones are arrayed in 96-well plates; one gene per well (Fig 4A) . To perform the TDP-43 modifier screen, we modified the standard PEG/lithium acetate yeast transformation protocol for automated high-throughput transformation in a 96-well format, allowing screening of the entire library by a single student or postdoc, in triplicate, in only a few weeks.
The Yeast FLEXGene library clones are stored as bacterial glycerol stocks at À80°C. To isolate plasmid DNA, we inoculate 2.2 ml deep well blocks (Sorenson BioScience) containing 1.7 ml of LB-amp, cover with an air-permeable plate seal (Bioexcell Aeraseal, Worldwide Medical Products) and incubate with shaking overnight at 37°C. The next day, we centrifuge the bacteria and isolate plasmid DNA using the Qiagen BioRobot Universal and a QIAprep 96 Turbo BioRobot Kit (Qiagen). This instrument can process up to four 96-well plates (384 clones) in $3 h. Plasmid DNA is eluted into roundbottom 96-well microtiter plates, sealed with aluminum foil seals and stored at À80°C. To begin the screen, we first aliquot $1-2 lg of library plasmid DNA (5-10 ll) into 96-well round-bottom microtiter plates using a Qiagen BIOROBOT Rapidplate 96-well pipettor and allowed to dry overnight in a clean bench fume hood (Labconco). We routinely make multiple copies of the library, dry the DNA, and store these plates at room temperature for 1-2 weeks, in order to have them ready for additional rounds of screening. We have found that this protocol works best with 10 or fewer 96-well plates, therefore the following yeast transformation protocol is based on ten 96-well plates, but can be scaled up or down accordingly.
To begin the yeast transformation, we inoculate 200 ml YPD with a single colony of our TDP-43 yeast screening strain and grow with shaking overnight at 30°C until saturated. The next day, we dilute this culture to OD 600 = 0.1 in 2 L of fresh YPD and incubate for a further 4-6 h, until they have reached OD 600 = 0.6-0.8. We collect the yeast cells by centrifugation (10 min at 3000 rpm in a tabletop centrifuge (Eppendorf 5810R) and wash them once with water and once in 1XTE/LiOAc (0.1 M LioAc, 10 mM Tris, 1 mM EDTA, pH 8). Following the washes we resuspend the yeast cells in 70 ml 1XTE/LiOAc and incubate with shaking for 30 min at 30°C. To permeabilize the yeast cells we add 0.1 M b-mercaptoethanol and incubate for an additional 30 min at 30°C with shaking. During this incubation period, we boil sheared salmon sperm DNA (2 ml of 10 mg/ml) for 10 min, chill on ice for 5 min, and add to the yeast/LiOAc mixture. We use the BioRobot RapidPlate to dispense 50 ll of the yeast/LiOAc mixture to each well of the 96-well plates containing plasmid DNA. Note: users without a BioRobot RapidPlate can also use a multi-channel pipettor for this and subsequent steps of the procedure. We incubate the plates for 30 min at room temperature without shaking (allowing the yeast cells to settle down into the wells and come in contact with the plasmid DNA). Next we add 125 ll PEG solution (40% PEG/10% DMSO/0.1 M LiOAc) to each well and mix thoroughly by pipetting (at least 15-20 times) and then the plates are incubated at room temperature for 30 min without shaking. We heat shock the yeast cells for 15 min at 42°C in a dry incubator (do not stack plates). Following heat shock we pellet the cells by spinning the plates in a tabletop centrifuge (2500 rpm for 5 min, Eppendorf 5810R), and then inverting them over a waste container to discard the transformation mixture. Next we wash the yeast cells once with 200 ll of selective media (e.g. SD/-Ura), spin again and discard the media. Finally, we add 200 ll of selective media (e.g. SD/-Ura to select for the library plasmids that confer uracil prototrophy). We incubate the plates at 30°C for 24-48 h to allow the transformants to grow.
We are now almost ready to identify toxicity modifiers. First we inoculate the transformants into liquid media containing raffinose (SRaf/-Ura). We aliquot 200 ll of SRaf/-Ura into each well of a fresh 96-well plate. Using the BioRobot RapidPlate, we mix the yeast transformants that have been growing for 24-48 h by pipetting up and down several times, aspirate 5-10 ll of cells, and dispense them into the fresh SRaf/-Ura media. The inoculated SRaf/-Ura plates are incubated overnight at 30°C without shaking. The next day yeast cells are spotted onto agar plates containing glucose (represses TDP-43 expression) or galactose (induces TDP-43 expression). We use Nunc OmniTrays (Thermo Scientific) for the agar plates and a frogger 96-bolt replicator (V&P Scientific, catalog #VP404) to spot the yeast cells. We incubate the plates at 30°C in for 2-3 days, photograph colonies using a digital camera (Canon Powershot SD700) and photo copy stand (Kaiser Repro Kid Copy Stand, catalog #KACSKK) and determine which spots grew better (toxicity suppressors) and worse (toxicity enhancers) than controls (Fig. 4B) .
We routinely perform the screen in triplicate (making extra copies of the plasmid library when aliquoting DNA is useful for this reason) to ensure that the genetic suppressors and enhancers of TDP-43 toxicity identified are repeatable. The hits that we confirm in triplicate are then individually validated by independent transformation, and a more stringent spotting assay with 5-fold serial dilutions. We perform several additional tests to eliminate non-specific hits. These include toxicity enhancers that are simply toxic in any yeast strain when overexpressed. To eliminate these, we transform each of our candidate toxicity enhancers into a WT yeast strain and test for toxicity. Those genes that are toxic in WT cells are eliminated and we only keep those that are specifically toxic to our TDP-43 strain. We also eliminate suppressors and enhancers that simply down-or up-regulate expression from the galactose-inducible promoter, as these are not likely to be informative about TDP-43 biology, although they do serve as a good indicator that the screen is working. Such genes include MIG1, MIG2, and MIG3 (Multicopy Inhibitor of GAL gene expression) and we routinely recover these in similar galactose promoterbased yeast screens.
Computational approaches can be used to interrogate the screen hits and integrate them with the vast array of available yeast experimental data (e.g. transcriptional profiling, deletion phenotypes, protein-protein interactions, etc. [20] ) The 40 genetic modifiers that we have identified in the TDP-43 overexpression screen included both enhancers [27] and suppressors [13] of toxicity and include a large number of RNA binding proteins and proteins involved in RNA processing, as well as kinases, proteases, and genes of unknown function ( [38] and M.A. and A.D.G. unpublished). We have been encouraged by the ability of these screens to identify genetic modifiers specific to the disease protein. Interestingly, the hits from the TDP-43 proteinopathy model are quite different than a similar screen done in the a-synuclein yeast proteinopathy model [17, 19, 20] . Of the 40 hits from the TDP-43 screen, only 1 was shared with the 71 hits from the a-synuclein screen, indicating that the yeast models and screen are specific to the protein biology and not simply overexpression of any aggregation-prone human disease protein.
Deletion screen
As a complementary approach to the plasmid overexpression screen, we have also been using the yeast TDP-43 model to perform a deletion screen to identify toxicity suppressors and enhancers. Yeast deletion screens (also known as synthetic lethal screens) can be used to uncover genetic interactions between seemingly unrelated genes or pathways. Two genes exhibit a ''synthetic lethal'' interaction when the combination of two non-lethal mutations results in slow growth or cell death [46, 47] . This type of interaction can result for genes acting in a single pathway or for genes within two parallel pathways [48] . Additionally, these screens can identify alleviating interactions, in which the double mutant grows better than expected based on the growth of each of the single mutants [49] . Therefore, we performed a synthetic lethal screen to identify gene deletions that enhance or suppress TDP-43 toxicity (Fig. 5A) . A similar approach has been effective at identifying modifiers of a-synuclein or mutant huntingtin toxicity in yeast [43, 44] .
The Boone laboratory in Toronto has developed a high-throughput method to rapidly perform synthetic lethal screens in yeast (referred to as synthetic genetic array (SGA) analysis) [50] . To generate our starting ''query'' strain, we transformed haploid MATa cells (strain Y7092; MATa can1delta::STE2pr-Sp_his5 lyp1delta his3delta1 leu2delta0 ura3delta0 met15delta0) with pAG416Gal-TDP-43, in which TDP-43 expression is under the control of a galactose-inducible promoter. This tightly regulated promoter allows us to keep TDP-43 expression off during routine passage and throughout the various mating and pinning procedures of the screen. The TDP-43 expression cassette in this strain is linked to a dominant selectable marker, URA3, which allows cells to grow in the absence of uracil, as well as the MFA1pr-HIS3 reporter (only expressed in MATa cells).
As detailed below, the number of pinning procedures and the fact that we are working at 768-colony density might seem to be a daunting task. However, we have been using a Singer RoToR HDA robot (http://www.singerinst.co.uk/), designed specifically for yeast synthetic lethal screens. This automated yeast pinning system makes it possible for one student or postdoc to complete a genome-wide synthetic lethal screen (in triplicate) in 3-4 weeks.
To begin the screen, we array our MATa query strain onto four YPD (rich media) agar plates at 768-colony density and grow them overnight at 30°C. Next, we array our library of $4850 MATa viable yeast deletion mutants (Yeast Deletion Collection, Invitrogen), each carrying a gene deletion mutation linked to a G418-resistance marker (KanMX), at 768-colony density (384 individual knockout strains per plate, in duplicate), onto YPD agar plates containing G418, thus creating a deletion mutant array (DMA). The yeast DMA is comprised of 13 plates containing the entire library of non-essential gene deletions. Similar approaches can be used to screen libraries of essential genes (for example, titratable promoter alleles [51] or temperature-sensitive alleles [52] ). These plates are also incubated overnight at 30°C. The next day we mate the query strain with the DMA by first pinning the 768-format query strain onto 13 fresh YPD plates, and then pinning the DMA on top of the query cells. The mating plates are incubated at room temperature for 1 day. We select for diploids by pinning MATa/a zygotes onto glucose-containing synthetic solid media containing G418 and lacking uracil (SD/-Ura + G418) and incubating at 30°C for 2 days. The heterozygous diploids that survive this selection are then transferred to enriched sporulation plates (low levels of carbon and nitrogen) and incubated at $22°C for 5-7 days. The resulting spores are next transferred to synthetic medium lacking histidine, which selectively germinates the MATa meiotic progeny (because they express the MFA1pr-HIS3 reporter), and incubated at 30°C for 2 days. After another round of pinning onto the same plates, to enrich for MATa haploids, the MATa meiotic progeny are transferred, by pinning, to agar plates containing G418 and glucose but lacking uracil, which selects for growth of mutant haploids harboring the TDP-43 plasmid, but keeps its expression off. Following incubation at 30°C for 2 days, we digitally photograph each of the 13 plates. Colonies on these plates serve as growth controls (mutant, TDP-43 expression off). Finally, colonies are pinned to agar plates containing G418 and galactose, which turns on TDP-43 expression, and incubated at 30°C for 2 days. We photograph these plates and use image analysis software [53] to measure colony size. We compare colony sizes of the mutant + TDP-43 ''on'' cells to the mutant + TDP-43 ''off'' cells in order to assess the effect of the double-mutant combinations on growth rate and viability (Fig. 5B) . To account for potential differences between cell growth on glucose vs. galactose, we also perform the screen in parallel with a wild-type query strain harboring a galactose-regulated GFP-alone expression cassette.
We perform each screen 3 independent times for a total of 6 replicates (the strains are in duplicate on each plate). Because we are able to analyze each genetic interaction 6 independent times, we are very confident in the interactions that reproduce at least 4 out of 6 times, and most confident in those interactions that repeat 6/6 times. We have also developed custom Excel macros to parse image analysis data and to organize gene lists. The yeast gene deletions that enhance or suppress toxicity are verified by independent transformations and/or random spore analysis, using similar filtering procedures as for the overexpression screen to eliminate deletions that grow poorly on galactose or simply grow much slower than WT cells. Using this approach, we have identified 14 genetic modifiers of TDP-43 toxicity, including 8 alleviating (suppressors) and 6 aggravating (enhancers) interactions. The genes and pathways identified by this screen will hopefully provide insight into the mechanisms underpinning TDP-43 toxicity.
The deletion toxicity suppressors represent a particularly attractive class of hits because yeast gene deletions that suppress (alleviate) TDP-43 toxicity might be ideal candidates for drug targets (which typically (though not always) inhibit protein activity, instead of activating).
Conclusion & future directions
The methods described above illustrate various ways in which the yeast model system can be used to study the properties of the neurodegenerative disease protein TDP-43. Insight into the features of the TDP-43 protein that are important for aggregation and toxicity, including the effects of disease-linked TDP-43 mutations, will lead to a better understanding of how the protein mislocalizes during disease and what drives aggregation. The genetic modifiers of toxicity discovered using yeast overexpression and deletion screens will hopefully provide novel hypotheses about TDP-43 disease mechanisms and might even help to suggest new drug targets and therapeutic strategies. Obviously, a critical next step involves verifying results from these yeast genetic screens in multiple model systems in order to make fundamental steps towards understanding the pathways that are disturbed due to excess accumulation of the human disease protein. Translating the results from yeast toxicity to neurotoxicity can be accomplished by utilizing other simple model systems including Drosophila, Caenorhabditis elegans and mouse, and is crucial in validating the importance of our findings in yeast and ultimately extending them into the human disease condition.
As one success story so far from the recent TDP-43 modifier screen, we found PBP1 as an overexpression enhancer of TDP-43 toxicity. PBP1 is the yeast homolog of human ataxin 2, the protein mutated in another neurodegenerative disease called spinocerebellar ataxia type-2 (SCA2). We generated transgenic Drosophila expressing TDP-43 and ataxin 2 and observed a similar genetic interaction. We found the two proteins could physically interact in yeast and human cells and that ataxin 2 was mislocalized in motor neurons of ALS patients. Finally, we discovered that [50] . The galactose-inducible TDP-43 expression construct (pAG416Gal-TDP-43) was introduced into MATa strain Y7092 to generate the query strain. This query strain was mated to the yeast haploid deletion collection of non-essential genes (MATa, each gene deleted with KanMX cassette (confers resistance to G418). Mating, sporulation, and mutant selection were performed using a Singer RoToR HDA (Singer Instruments, Somerset, UK). Haploid mutants harboring the TDP-43 expression plasmid were grown in the presence of glucose (TDP-43 expression ''off'') or galactose (TDP-43 expression ''on''). Following growth at 30°C for 2 days, plates were photographed and colony sizes measured by ImageJ image analysis software, based on [53] . (B) A representative plate from the deletion screen. Left is glucose (deletion alone, e.g. xxxD) and right is galactose (deletion + TDP-43 expression, e.g. xxxD + TDP-43). Each plate contains 384 different strains pinned in duplicate (768 total). The red arrows point to a strong alleviating genetic interaction (toxicity suppressor), in which the gene deletion + TDP-43, grows better than TDP-43-or the deletion alone.
intermediate-length polyglutamine repeat expansions in ataxin 2 were significantly associated with increased risk for ALS [38] . We continue to characterize the additional hits from these yeast TDP-43 toxicity modifier screens and interrogate their homologs in animal models and human patient samples, with the hopes that additional genes and pathways will provide further insight into the molecular underpinnings of ALS and other TDP-43 proteinopathies.
While we have so far used this yeast TDP-43 model for genetic analyses, in the future we and others could use the yeast model to perform high-throughput screens with small molecule libraries in order to define compounds with activity that could antagonize TDP-43 toxicity. Hits identified from these screens could be optimized using the yeast model, validated with animal models, and then potentially developed as new therapies. A similar strategy has recently been reported for Parkinson's disease using the yeast a-synuclein model [54, 55] . As protein misfolding plays a causal role in many neurodegenerative diseases [56] modeling toxicity of additional human disease proteins in yeast (e.g. tau, Ab, FUS, polyQ proteins, SOD1, etc.) might give a new perspective into what confers toxicity in many of these disorders.
